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Paranitroaniline (pNA) and its derivatives are considered as
model molecular systems for efﬁcient second-harmonic generation
(SHG) in the visible and the near-IR spectral range [1–4]. Such ade-
quacy results from a well balanced trade-off between spectral and
polarizability features leading to typical non-resonant quadratic
hyperpolarizability b values of the order of 40  1040 m4 Vl
(108 esu) and corresponding ‘‘optimized’’ crystalline susceptibili-
ties d up to 84  1012 m4 Vl (200  109esu) with an acceptable
crystalline transparency cut-off in the 400-500 nm range. Although
paranitroaniline itself crystallizes in a centrosymmetric system
and therefore will not exhibit second-harmonic generation in its
crystalline form, it has been extensively studied, both theoretically
[5] and experimentally [6] at the molecular scale. Its hyperpolariz-
ability tensor bijk, contains a dominant vectorial contribution
bð Þi ¼
X
i
bijj
The projection of b on the ground state dipole moment, b  l/jlj
can be determined by use of the well-known electric-ﬁeld-induced
second-harmonic generation (EFISHG) [7,8] technique. For a
strongly unidimensional intramolecular charge transfer (CT) such
as that occurring in paranitroaniline between the NH2 and NO2
group,b reduces to (b)iwhere the i axis is parallel to the charge trans-
fer direction and biii becomes predominant. The EFISHG technique
then allows for the determination of the strongest component biiiof the [b] tensor. In some highly non-linear compounds such as
2,4-dinitro-phenyl-methol-alaninate (MAP) [2], the 1-D character
of the intramolecular CT is partially broken by adding a second
NO2 substituted in ortho positionwith respect to the amino or alkyl-
amino group. The two-dimensional character of the CT and its inci-
dence on both the hyperpolarizability tensor b and the quadratic
susceptibility tensor v(2) have been investigated in the MAP mole-
cule [9,10]. Although the presence in MAP of an additional off-axis
charge transfer slightly ‘‘rounds-off’’ thehighlyanisotropic structure
of one-dimensional p-NA-likemolecules, the b tensor still contains a
vector part b which is amenable to measurement by use of the
EFISHG technique. Further crystalline measurements have permit-
ted us to single-out individual b coefﬁcients and allowed estimation
of the respective contributions of the meta and para charge transfer
simultaneously occurring in MAP.
In this work, we present the special case of some pNA deriva-
tives where symmetry considerations lead to the exact cancella-
tion of the ground state dipole moment while retaining the
essential condition of a non-centrosymmetric structure.2. Presentation of the molecules
This study is concentrating on the following compounds:NO2
u
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Fig. 1. The upper (respectively lower) part depicts a planar centrosymmetric
hexagonal (respectively non-centrosymmetric trigonal) lattice as resulting from the
speciﬁc afﬁnities between substituents of adjacent molecules. The hexagonal lattice
is induced by preferential interactions between identical substituents (donor ones
for molecules 2 and 3) while the trigonal lattice, preferable for quadratic non-linear
optics, results from attraction between different substituents, namely, the donor
and acceptor groups in TATB.
Table 1
Maximum absorption wavelength kmax in methylene chloride and second-harmonic
powder response at 1.06 lm for compounds 1, 2 and 3.
Compound kmax (nm) l2w powdera
1 351 3
2 353 0
3 368 0
a Relative to urea.
48 I. Ledoux et al. / Chemical Physics Letters 589 (2013) 47–50The donor and acceptor groups are located at alternate posi-
tions on the benzene ring. In a planar conformation these mole-
cules display a D3h symmetry and are non-centrosymmetric.
Their ground-state dipole moments cancel out and the 2-D charac-
ter of the intermolecular CT between NH2 and NO2 groups leads to
a complete cancellation of the vector part b of the b tensor. There-
fore, the hyperpolarizability tensor b cannot be readily obtained by
use of the EFISHG technique.
X-ray diffraction has conﬁrmed the planar structure of com-
pound 1 [11]. Compound 2 was studied by HNMR in solution and
exhibits rapid interconversion from a ‘‘boat’’ to a ‘‘twisted’’ non-
planar geometry, the resulting mean conformation being amenable
to D3h symmetry [12]. As a consequence, the quadratic non-linear
properties of this molecule cannot be studied by use of the stan-
dard EFISHG technique. No structural data on compound 3 are
available as yet.
Some physical and physico-chemical properties of compound 1
also refered to as TATB have been reported elsewhere [11]. The
compound is not soluble in most solvents, except in concentrated
sulfuric acid, and sublimes (with decomposition) above 300 C.
The crystals are strongly optically anisotropic (biaxial), and exhibit
a large birefringence between the X optical axis (nx = 1.45) and the
YZ plane (nY  2.3 and nZ = 3.1). A perfect cleavage plane parallel to
the (001) plane is also observed.
All these properties, except for the biaxial optical anisotropy,
can be qualitatively accounted for by the molecular structure
worked out in the crystalline state [11]. The structure of compound
1 is almost perfectly ﬂat, due to push–pull conjugation between
the nitro and amino groups and to the strong intramolecular H-
bonding between NH2 and NO2 groups. In addition, in the crystal-
line state, each molecule is tightly bonded to its six nearest neigh-
bours by intermolecular H bonds between NH2 and NO2 groups.
Therefore the crystal structure exhibits a strongly lamellar conﬁg-
uration analogous to that of graphite, the molecules being located
in planar sheets, parallel to the (a,b) plane. The crystal structure re-
ported in Ref. [11] points to a triclinic unit cell, and statistical tests
[13] have identiﬁed the corresponding space group as PI (i.e. cen-
trosymmetric). To the best of our knowledge, no experimental
structural data in the solid state were reported for compounds 2
and 3.
However, based on the afﬁnities of the amino-like donor
substituents of compounds 2 and 3, some trends as to their
crystallographic structures may be conjectured: the n-butyl
chains in compound 3 will display strong mutual lipophilic
afﬁnity while the remaining hydrogen atoms will be most
likely to participate in an intramolecular hydrogen bond with
the next ortho nitro group only. The packing within molecular
and crystallographic planes will then tend to assemble mole-
cules in a hexagonal centrosymmetric structure with identical
moieties (amino-like or nitro) facing each other as opposed
to TATB where strong hydrogen bonds will lock nitro and ami-
no groups of adjacent molecules in a non-centrosymmetric tri-
gonal planar lattice. This molecular interaction picture will be
shown in Section 3 to be consistent with non-linear optical
observations.
Planar trigonal and hexagonal lattices are represented in
Fig. 1. The intermediary case of molecule 2 is somewhat more
delicate to discuss. As compared to TATB, molecule 2 is deprived
of the ingredients to establish inter- as well as intra-molecular
hydrogen bonds, On the other hand, it does not evidence, as
clearly as in the case of molecule 3, strongly lipophilic afﬁnity
between similar substituents. However, the lack of any quadratic
non-linear response for this material in the solid state (see Sec-
tion 3) tends to indicate that the dimethylamino groups are
likely to face each other, leading to a centrosymmetric planar
lattice as for molecule 3.3. Experimental
3.1. Linear absorption spectra
Electronic spectra of molecules 1–3 have been recorded using a
Perkin–Elmer Lambda 9 spectrophotometer. The compounds were
dissolved in dichloroethane. Maximum absorption wavelengths
are listed in Table 1.
3.2. SHG powder measurements
SHG powder tests were performed following the standard Kurtz
and Perry [14] technique. These measurements are only semiquan-
titative, the experimental error being of the order of 50%. The
reproducibility of these powder tests is however quite good; they
gave the same results on different powder samples, at time inter-
vals of several months. A 1.06 lm Nd3+:YAG laser (10 ns pulse
NH2NH2
NO2
I. Ledoux et al. / Chemical Physics Letters 589 (2013) 47–50 49duration) was used. The SH response was compared to that of stan-
dard non-linear compounds (KH2P04, urea, 3-methyl-4-nitropyri-
dine-oxide). Results are summed up in Table 1. Compound 1 only
displays a relatively strong and unexpected non-linear response.NH2
ortho C.T.
para C.T.
NO2NO2
Fig. 3. Charge transfer directions in the TATB molecule are singled out and relate
the three donor amino and the three acceptor nitro groups along three para and six
ortho pathways: each amino group relates to the opposite para nitro group and to
the neighbouring ortho nitro groups. Charge transfer between groups at meta
positions is ruled out.4. Discussion
4.1. Spectra
Electronic spectra of compounds 1 and 2 are very similar within
the near-UV range, with almost identical maximal absorption
wavelengths. A stronger red-shift is observed for molecule 3. Struc-
tural studies performed in Ref. [12] for compound 2 in solution evi-
denced the crucial role of steric repulsions between the methyl
groups, leading to a non-planar, quinoid-like structure of this
molecular moiety (‘‘boat’’ conformation). However, the loss of pla-
narity does not lead to a decrease of the conjugation between adja-
cent nitro and dimethylamino groups; similarities between spectra
of 1 and 2 conﬁrm this hypothesis as the energies of the intermo-
lecular CT transition are identical in both cases.
The structure of compound 3 is not fully cleared up. However,
preliminary studies on long-chain N-alkyl derivatives of molecule
1 [12] seem to indicate that such moieties display a ‘‘boat’’ confor-
mation in solution, the steric effect being still dominant. The 15 nm
red-shift with respect to compound 2 could be accounted for by a
signiﬁcant increase of the inductive donor effect of the butyl group
as compared to that of the methyl one.
4.2. NLO properties
4.2.1. Crystal structure
The unexpectedly high SH signal observed in a powder sample
of compound 1 is not compatible with the centrosymmetric PI
structure reported in Ref. [11]. This discrepancy could be ac-
counted for by polymorphism of the crystalline structure depend-
ing on preparation and recrystallization conditions. However, to
the best of our knowledge, no experimental evidence of polymor-
phism for TATB is reported in the literature. Another explanation
could originate from a slight difference in the respective molecular
orientations within the structure unit cell with respect to a fullyA
B
NO2
NO2NO2
NH2
NH2
NH2
Fig. 2. Simpliﬁed top view of a pair of TATB molecules A and B where translation
has been removed. The two molecules are located in parallel planes, as in lamellar
stacking of the actual TATE crystal, and rotated with respect to each other by an
angle h. When h = p/3, p or 5p/3, the two molecules are in a centrosymmetric
conﬁguration and the corresponding crystal will not display second harmonic
generation. A crystal based on a unit cell composed of two such molecules rotated
from each other by an intermediary angle h will lack centrosymmetry and display
quadratic nonlinear properties. When h = 0, 2p/3 or 4p/3, the two molecules are
superimposed and the crystal packing is optimal.centrosymmetric case. This hypothesis is illustrated in Fig. 2. If
we assume that there exists a rotation angle h between the axes
of A and B other than p/3, p or 5p/3, centrosymmetry is broken
and SH emission may be observed, even for a small h value.
The statistical test called upon in Ref. [13] may not be sensitive
enough to discriminate between the strictly centrosymmetric
structure (h = 0) and a slightly twisted geometry ðh–0Þ. The rela-
tive weakness of the SH powder emission as compared to that from
‘‘optimized’’ structures of similar CT compounds such as N-4-nitro-
phenyl-L-prolinol (NPP) (Ref. [4]) seems to indicate that the h value
remains relatively small. A parallel conﬁguration with h = ±p/3 or p
would be an ideal structure towards the enhancement of second-
harmonic emission. The absence of non-linear signals for com-
pounds 2 and 3 is consistent with their conjectured centrosymmet-
ric lamellar hexagonal structures as discussed in Section 2.4.2.2. Molecular structure
The D3h, symmetry of molecule 1 cancels out the vector part of
the b tensor expressed in eq. (1). Following the orientation given in
Fig. 3 and owing to the fully planar geometry of the molecule, b = 0
and bmkk(m = 1,2,3) = 0. With the assumption that the ‘‘two-
dimensional’’ charge transfer responsible for the quadratic non-lin-
ear response can be decomposed into six ortho components be-
tween adjacent groups and three para between opposite
substituents, Fig. 3 clearly demonstrates the mutual cancellations
of vector parts of the ortho and para contributions. The absence
of vectorial component to the b tensor and the cancellation of
the dipole moment preclude EFISH measurements. The residual
vectorless b contribution which underlies the SH emission may
be ascribed to an octupolar contribution to be discussed elsewhere
in more details. Some estimations of b could be attempted by graft-
ing an aliphatic chain to one amino group towards deposition on
solid substrates in Langmuir–Blodgett monolayers and subsequent
SH measurements. This technique allows for a non-centrosymmet-
ric molecular alignment which cannot be reached using the EFISHG
method with such kinds of non-polar molecules. From the SH sig-
nal from a monolayer we can infer both the b value of the mole-
cules and their mean orientation with respect to the substrate
[15]. The b could therefore be approximately measured, although
the substitution of one or two H atoms by an n-alkyl group on
the amino function could cause a signiﬁcant modiﬁcation of the
hyperpolarizability due to the dissymmetrization of the molecule
and to the loss of two hydrogen bonds. In fact, this kind of substi-
tution is a difﬁcult task owing to the perfect symmetry and
remarkable stability of the molecule. Therefore the best way to ac-
count for the b value of compound 1 would be a v(2) measurement
in crystal form and the use of an oriented gas model to deduce b
50 I. Ledoux et al. / Chemical Physics Letters 589 (2013) 47–50coefﬁcients. However the poor solubility of the molecule in all cur-
rent solvents is a severe obstacle to crystal growth in solution. Sub-
limation growth experiments could be attempted.
5. Conclusion
SHG powder measurements on TATB evidence a non-centro-
symmetric structure which contradicts previously published data.
The discrepancy is possibly due to a slight rotation of the molecular
axis between two corresponding molecules in the unit cell. Evi-
dence of a non-linear response from a molecule deprived of vecto-
rial properties opens new perspectives in molecular engineering
schemes towards the enhancement of quadratic non-linear proper-
ties. The main advantage of such ‘‘non-polar’’ geometry lies in the
cancellation of the dipole moment of the molecule and the subse-
quent cancellation of dipole–dipole interactions in various molec-
ular assemblies (crystals or solutions). The probability of ﬁnding
new non-centrosymmetric crystalline structures could therefore
statistically increase [16]. We will report in the future on other
D3h molecules in respect to their potential to form new types of
‘‘optimized’’ crystalline structures for non-linear optics based onthe stacking of non-dipolar non-centrosymmetric molecular
moieties.
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